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Metabolic control analysisOil crops are in increasing demand both for food and as renewable sources of chemicals. It is there-
fore vital to understand how oil accumulation is regulated. Different ways of obtaining such infor-
mation are discussed with an emphasis on metabolic control analysis. The usefulness of the latter
has been well-illustrated by its application to help raise yields in oilseed rape.
 2013 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Why do we need to understand regulation?
Plant oils are of great importance for the agricultural industry
and their overall consumption has been increasing by around 5%
each year for the last half century [1]. Moreover, with dwindling
petrochemical supplies, there is increasing interest in utilising
plant lipids as renewable sources of chemicals and, even, biofuels.
There is, of course, a ﬁnite area of good agricultural land and this
limits an easy increase in total oil production and, as has already
been seen recently, causes a conﬂict between ‘food and fuel’
production.
One way forward is to increase productivity of plants and, here,
it is obvious that a knowledge of metabolic regulation is important.
Moreover, understanding control of lipid metabolism is needed in
order to direct genetic engineering to transform crops either for
more oil or to modify existing oils [2,3].
2. Methods to obtain information about metabolic pathways
Basic ways in which we can discover aspects of regulation in-
clude conventional breeding, quantitative trait loci (QTL mapping),
the examining of transcription factors and enzymes, genetic
manipulation and ﬂux control analysis. One spectacular example
where conventional breeding revealed aspects of lipid metabolism
was in the development of Canola lines of oilseed rape, which
lacked elongase activity to convert oleate to erucate. QTL mapping
is being used frequently in industry, especially where multipletraits are needed, while transcription factors have been attracting
increasing interest. An example of the latter has been demon-
strated with WRINKLED transcription factors increasing activity
of a host of enzymes involved in fatty acid biosynthesis but not
those for glycerolipid synthesis [4]. Classical biochemistry often re-
veals enzymes which limit ﬂux [e.g. 5] while genetic manipulation
of such proteins can also conﬁrm their importance [e.g. 6].
Although many metabolic models have shown good abilities to
identify targets for metabolic engineering for redirecting the ﬂux
towards the product of interest, these models do not allow for
identiﬁcation of ﬂux-controlling enzymes in metabolic pathways
[7]. Importantly, ﬂux control analysis (or metabolic control analy-
sis, MCA) is able to give information about complete pathways as
well as individual enzymes [8]. The concept of MCA states that a
regulated enzyme may not necessarily be the ﬂux-controlling en-
zyme in a pathway. The theory of MCA and the concept of ﬂux-con-
trolling enzymes in metabolic pathways was developed and
applied by Kacser & Burns (1973) and Heinrich & Rapoport
(1974). Both groups independently derived a similar mathematical
framework that allows for estimation of the ﬂux control coefﬁ-
cients and so-called elasticity coefﬁcients (for the enzymes) within
a metabolic pathway. Thus, with MCA, it is possible to measure
quantitatively the importance of particular parts of a metabolic
pathway and the sensitivity of the individual enzyme catalysed
reactions under deﬁned conditions [7,8].
There are two major approaches in MCA: top-down (or modu-
lar; TDCA) and bottom-up. Bottom-up control analysis builds up
the picture from the response of the metabolic system to changes
in the activity of individual enzymes using speciﬁc inhibitors or
selective changes in their gene expression. In TDCA, an overall view
Fig. 1. Simpliﬁed scheme of TAG biosynthesis in plants. ACCase, acetyl-CoA carboxylase; ACP, acyl carrier protein; ACS, acyl-CoA synthase; CPT, CDP-choline:1,2-
diacylglycerol cholinephosphotransferase; D9-DES, D9-desaturase; DGAT, DAG acyltransferase; DGTA, diacylglycerol transacylase; FAS, fatty acid synthase; GPAT, glycerol 3-
phosphate acyltransferase; LPAAT, lysophosphatidate acyltransferase; LPCAP, lysophosphatydylcholine acyltransferase; PAP, phosphatidate phosphohydrolase; PDAT,
phospholipid:diacylglycerol acyltransferase; PLA2, phospholipase A2; TE, acyl-ACP thioesterase; PDCT, phosphatidylcholine:diacylglycerol cholinephosphotransferase.
Fig. 2. The simpliﬁed lipid biosynthetic system used for analysis. Carbon ﬂux from [1-14C]acetate enters Block A to produce fatty acids. Block A contains a number of enzymes
involved in [1-14C]acetate metabolism (see Fig. 1). The cytosolic acyl-CoA pool is the deﬁned system intermediate and its level could be increased with exogenous oleate in
single-manipulation experiments. In contrast with radioactivity from [1-14C]acetate, which entered Block B reactions (Kennedy pathway conversions and other reactions for
lipid biosynthesis) via the acyl-CoA pool, [U-14C]glycerol labelled acyl lipids via the Kennedy pathway reactions directly.
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ulating the activity of individual enzymes are not needed. An
advantage of TDCA is that it provides an immediate overview of
the distribution of ﬂux over a complex metabolic pathway and
can be reﬁned to allow further detailed analysis of each block.3. Measuring metabolic ﬂuxes and their regulation
Recently several studies (originally out of Michigan State Univ.)
have looked at ﬂuxes through pathways connected with lipid accu-
mulation. This research has allowed some quantitative estimates
Table 1
Group ﬂux control coefﬁcients for different oil crops.
Block A Block B Method
Oil palm 0.64/0.61 0.36/0.39 SM/DM
Olive 0.57 0.43 SM
Soybean 0.7/0.6 0.3/0.4 SM/DM
Oilseed rape 0.31/0.27 0.69/0.73 SM/DM
Block A reactions = fatty acid biosynthesis.
Block B reactions = glycerolipid biosynthesis.
SM, single manipulation (top-down control analysis).
DM, double manipulation [see 13 for a discussion of the method].
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and their efﬁciency [9–11].
We have taken a slightly different approach in applying MCA to
elucidate which parts of the overall pathway exert the most control
and, hence, which may be worth genetically manipulating.
The scheme of glycerolipid synthesis including triacylglycerol
(TAG) is shown in Fig. 1. It involves the co-operation of two different
subcellular compartmentations – the plastid and the endoplasmic
reticulum. Fatty acids (FA) are produced by de novo synthesis in
the plastids and then exported mainly to the cytosol as acyl-CoAs.
Synthesis of glycerolipids takes place predominantly via the glycerol
3-phosphate (or Kennedy) pathway in the endoplasmic reticulum. A
conceptually simpliﬁed systemwas deﬁned comprising two blocks of
reactions – FA synthesis (Block A) and lipid assembly (the Kennedy
pathway) (Block B) (Fig. 2). The two blocks of the reactions are con-
nected by a common intermediate, the acyl-CoA pool.
Our ﬁrst analyses were on oil palm and olive fruit tissues
[12,13] and since then we have applied the technique to soybean
(unpublished) and oil seed rape [7,14]. Additional experiments
with speciﬁc inhibitors have allowed extra information about par-
ticular enzyme steps [15]. A demonstration of the value of MCA in
providing quantitative values for individual enzymes came with
oilseed rape. Due to our earlier observations [5] (and parallel
experiments with Arabidopsis [16,17]) which indicated that diacyl-
glycerol acyltransferase (DGAT) could limit oil production, we in-
creased the enzyme’s expression (and activity) in transgenic lines
of Brassica napus[6]. The over-expressors showed a change in the
distribution of control between the two blocks of reactions such
that, as expected, Block B became less important [6]. These exper-
iments have been followed up by ﬁeld trials where DGAT-over-
expressing lines gave higher oil yields [18]. This direct
application of MCA for industrial beneﬁt is signiﬁcant.
An interesting ﬁnding from our MCA analysis is shown in Ta-
ble 1 where group ﬂux control coefﬁcients for different oil crops
are present. The group ﬂux control coefﬁcients indicate that the
control exerted by Block A (fatty acid biosynthesis) is greater than
the glycerolipid synthesis reactions in three of the four important
crops we examined. On the other hand, for oilseed rape because
Block B was more important, then one might predict that efforts
to enhance glycerolipid production (such as by over-expressing
DGAT: 6, 18) would be effective.
Apart from DGAT, there is evidence that other parts of the bio-
synthetic pathway can be manipulated to increase oil yields. It has
been shown that increasing glycerol 3-phosphate supply [19] and
over-expression of glycerol 3-phosphate acyltransferase (GPAT;
the ﬁrst acyltransferase in the Kennedy pathway) were effective
in raising oil accumulation in B. napus[3].
4. The future
It is clear that efforts to increase oil crop productivity will be
needed even more in the future. MCA offers a way of providing vi-
tal information which can be used to guide genetic manipulation
(or, indeed, breeding). As we ﬁnd out more about the regulationof lipid biosynthesis then new opportunities to enhance oil yields
will present themselves. Thus, for example, the ‘push/pull’ strate-
gies of channelling carbon into lipid formation [20] as well as at-
tempts to prevent breakdown of oil stored as seeds mature [21]
will surely prove useful. In any case, the development of gene
stacks for crop modiﬁcation is inevitable because of the nature of
metabolic control [8] where there is no such thing as a single
‘rate-controlling reaction’.
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